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Executive Summary

Executive Summary

This Annual Report describes the major technical
activities, accomplishments, and areas of scientific
expertise in the Metallurgy Division of NIST Materials
Science and Engineering Laboratory for FY2003
(October 2002 through September 2003). Through this
report, we provide some insight into how our research
programs meet the needs of our customers, how the
capabilities of the Metallurgy Division are being used to
solve problems important to the national economy and
the materials metrology infrastructure, and how we
interact with our customers to establish new priorities
and programs. Contact information for our staff is
provided if you would like to participate in any of these
projects or if have any questions. We also welcome
feedback and suggestions on how we can better serve
the needs of our customers and encourage increasing
collaboration to this end.

Mission of the NIST Metallurgy Division

Our mission is to provide critical leadership in the
development of measurement methods, standards,
and fundamental understanding of materials behavior
needed by U.S. materials users and producers to
become or remain competitive in the changing global
marketplace.

As a fundamental part of this mission, we are
responsible not only for developing new measurement
methods with broad applicability across materials
classes and industries but also for working with
individual industry groups to develop and integrate
measurements, standards, software tools, and
evaluated data for specific, technologically important
applications.

Establishing Priorities

We examine a wide range of research opportunities
and make choices for our research portfolio based on:
the match to the NIST mission, the magnitude and
immediacy of industrial need, whether the NIST
contribution is critical for success, the anticipated
impact relative to our investment, our ability to
respond in a timely fashion with high-quality output,
and the opportunity to advance mission science.

This requires us to establish our research priorities
through extensive consultation and collaboration

with our customers in U.S. industry and with

our counterparts in the international metrology
community using a variety of methods including
industrial roadmapping activities, workshops,
technical meetings, standards committee participation,
and individual consultation with our customers.

For us to have the highest possible impact also
requires that we work to be at the forefront of
materials science.

Within the context of industrial relevance and potential
impact of our research, technology trends strongly
influence the technical directions addressed by NIST.
We prefer to work in rapidly evolving technologies,
where advances in measurement science are needed
to understand the limitations on system behavior and,
therefore, where our contributions are likely to have
an impact on the course of technology. For NIST as
a whole and the Metallurgy Division in particular, we
are committed to having an impact on the measurement
and standards infrastructure for nanotechnology, health
care, and homeland security. Nanotechnology is not
an industry sector itself but will have an impact on
present and future industrial enterprises. Three new
Division projects began in nanotechnology and health
care in 2003; an additional project on Informatics and
Visualization in Data Delivery was started in 2003 to
examine how to best transfer our results to traditional
and possible NIST customers. In 2004, we will begin
two new nanotechnology projects selected through a
NIST-wide competition. In collaboration with three
other NIST laboratories (EEEL, ITL, PL), a major
project will be started on Nanoscale Engineered
Sensors for Ultra-low Magnetic Field Metrology.

Low noise, ultra-low magnetic field sensors could
have a significant impact on healthcare diagnostics,
homeland security sensors, and magnetic data storage.
In collaboration with three other NIST laboratories
(CSTL, PL, and ITL), we will begin developing
systems for three-dimensional chemical imaging at

the nanoscale in the transmission electron microscope.
This should add greatly to our understanding of

the relationship between materials composition,
processing, and properties, the raison d’etre of
materials science and engineering. These were the only
two fully funded projects in the NIST competition.

Research Portfolio

Our 2003 research portfolio focuses on fulfilling
specific measurement needs of the industrial

sectors: the magnetic data storage, microelectronics/
optoelectronics, automotive, aerospace, and defense
industries, and on developing the materials data need
for the World Trade Center failure investigation.
Our output consists of a variety of forms, from a
fundamental understanding of materials behavior

to measurement techniques conveyed through the
scientific literature and oral presentations, standard
reference materials, evaluated data and online
databases, software tools, and sensors for on-line
process control. Examples of our 2003 outputs in
a few of these areas are:

= Magnetic Data Storage: In 2003, we shifted our
emphasis from Giant Magnetoresistance (GMR)
in Thin Films to understanding artifacts in Ballistic
Magnetoresistance (BMR). In the past year, advances
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in the Ballistic Magnetoresistance (BMR) effect
appeared to provide an enormous increase in the
sensitivity of nanoscale devices. The scientific press
reported the creation of devices with resistance changes
as much as 10° as one of the major discoveries of
the year. Experiments at NIST in 2003 have found
that several simple artifacts account for the results.
NIST is taking a leading role in designing artifact-free
metrology to provide reliable data to the magnetic
sensor industry and the academic community.

= Microelectronics Packaging: In the MSEL
Program on Materials for Microelectronics, we
continue to provide tools for producing improved
metal interconnects, from copper on-chip
interconnects at the nanometer scale to lead-free
solder joints on printed wiring boards. Our project
on measurements and modeling of electrodeposited
copper for nanometer scale chip interconnection
technology continues to produce significant value to
the microelectronics community. Since the beginning
of the project in April 1999, we have developed a
measurement technique, a theory for control of
interface dynamics, and modeling software for
predicting quantitatively the ability of complex
electrolytes to fill vias and trenches, and we extended
the NIST model to electrodeposited metals other than
copper. In 2003, we used our theory as a basis for
developing processing methods to increase the aspect
ratios of fine features (<50 nm) that can be filled
and have transferred all of these to the appropriate
industrial customers. In addition, in response to the
need for improved seed layer systems articulated
to us by International Sematech, we demonstrated
the utility of thin ruthenium layers as combination
barrier layer/seed layer in superconformal growth
on patterned substrates. In the area of electronics
assembly, our role in the NEMI Lead-Free Solder
Task Force has wound down. With the completion
of Task Force research plan in 2002, and final
analysis of the results in 2003, U.S. microelectronics
companies now have enough critically evaluated data
to decide on whether to implement lead-free solders
in manufacturing. The one open question is how
important tin whiskers forming on plated component
surface finishes will be for system reliability. There
is a long, documented history of tin whiskers causing
catastrophic short circuits in critical systems such as
satellites and medical devices. In the past, Pb-Sn alloys
were plated instead of Sn since Pb additions appeared
to suppress whisker growth. With the requirement of
Pb-free manufacturing in some regions, such as the
European union, Pb additions are no longer acceptable.
NIST has taken a major role in helping NEMI develop
test methods for whisker growth and a fundamental
understanding of the mechanisms leading to whisker
formation.

= Automotive: Within the sub-program on the
Forming of Lightweight Materials, we are developing
standard test methods for sheet metal forming,

measurements of surface roughness, and physically
based constitutive laws — and measurement tools
needed to reveal them. In FY2003, an x-ray stress
measuring system was installed on the sheet metal
formability station. With this addition, the formability
facility will be capable of direct, in situ measurement
of the stress in a given direction while the sample

is under biaxial load. Such measurements will lead

to a standard test for measuring multiaxial flow
surfaces in sheet metal during stamping operations.
All of our projects in the Forming of Lightweight
Materials Program are performed in close collaboration
with the automotive industry through formal
partnerships, such as USCAR and the Freedom Car,
and are formulated to help accelerate the design of
forming operations for lightweight materials such as
aluminum, that will ultimately improve fuel economy.

= Infrastructure Materials: NIST has developed a
unique testing facility for measuring high-strain rate
mechanical properties of materials at high heating
rates. Based on the Kolsky bar design (also known
as a split-Hopkinson pressure bar), materials can
be strained at rates as high as 103 s~! while being
heated up to 1300K at heating rates up to 5x104K/s.
This facility was initially developed to provide insight
and data for high speed machining of commercial alloys.
In addition to this application, the Kolsky bar facility is
providing the rate dependence of plastic deformation
for the many types of structural steel in the World Trade
Center buildings and for projectiles such as those used
as military tank penetrators. We expect the facility to
be useful in the future for development of data and
modeling in the areas of dynamic fracture and crack
arrest of high strength pipeline steels, bullets and body
armor for the Office of Law Enforcement Standards,
and additional issues in manufacturing.

Division Structure and Expertise

The Division is composed of 39 scientists, supported
by 6 technicians, 6 administrative staff members,
and more than 80 guest scientists, and it’s organized
into five groups that represent the Division’s core
expertise in Metallurgical Processing, Electrochemical
Processing, Magnetic Materials, Materials Structure
and Characterization, and Materials Performance.
However, by virtue of the interdisciplinary nature of
materials problems in the industrial and metrology
sectors that we serve, Program teams are assembled
across group, division and laboratory boundaries and,
in most cases, with academic and industrial partners,
to best meet our project goals. We are committed to
assembling the expertise and resources to fulfill our
technical goals with the speed and quality necessary
to have the desired impact. We welcome your
participation with us in this enterprise.

Carol A. Handwerker, Division Chief
Frank W. Gayle, Deputy Division Chief



Technical Highlights

Technical Highlights

The following Technical Highlights section includes
expanded descriptions of research projects that have
broad applicability and impact. These projects generally
continue for several years. The results are the product
of the efforts of several individuals. The Technical
Highlights include:

= Solidification in the Presence of Impurities:
Phase Field Simulations of the Growth of “Dizzy”
Dendrites

= Advanced Metallizations for Sub-100 nm Electronics

= High Throughput Data Analysis of Multicomponent
Multiphase Diffusion Data

= Modeling Dynamics, Damping and Defects for
Perpendicular Magnetic Recording Media

= Artifacts in Ballistic Magnetoresistance
Measurements

= Phase Field Modeling of the Electrochemical Interface

= NEMI-NIST-TMS Workshop on Tin Whiskers:
Cause and Effect

= Kolsky Bar: Materials Properties at High Strain Rates
and High Heating Rates
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Solidification in the Presence of Impurities:
Phase Field Simulations of the Growth of “Dizzy” Dendrites

1t is beyond the capacity of conventional models
of solidification to describe and predict the
formation and growth of polycrystalline
structures. With the NIST development of a new
phase field model of polycrystals, entire classes
of microstructure are now subject to study not
only within the confines of the laboratory but also
the theoretician's computer. This computational
tool offers unprecedented control in the design
of crystalline and semi-crystalline material.

James A. Warren and Jack Douglas

uring solidification, materials do not freeze in
D a uniform manner, except under very special
circumstances. Instead, a whole host of patterns
emerges, of which the snowflake is the most familiar.
The snowflake is not unique to water, however,
as nearly all materials can solidify having such a
pattern, and this process is referred to as dendritic
growth. Dendrites, Latin for “trees,” are ubiquitous in
solidification and occur in situations from commercial
castings to frost on a windshield.

Figure 1: The growing PEO-PMMA polymer dendrite on the
left exhibits the four symmetry of the underlying crystal, while the
phase field simulation on the right shows striking similarities in
its growth form.

Classical studies of solidification consider the growth
of a crystal from a nucleus, and, in the absence of other
effects, this crystal will have a single crystallographic
orientation. Thus, as is shown in Figure 1, symmetry
reflecting the underlying four-fold crystal-lattice
symmetry is evinced in the growth shape. Indeed,
the left figure shows the growth of an undercooled

polymer blend (PEO-PMMA) crystallizing in a dendritic
pattern with four main branches and a network of

fine side branches. The phase field simulation on the
right matches this growth form quite well. While the
simulations are two-dimensional, the polymer films are
thin enough that this is a reasonable approximation.

While such dendritic growth patterns are common,
under certain circumstances dendrites can grow which
appear to not reflect the underlying crystallographic
symmetries, and often, the branches of these dendrites
curve in a seemingly erratic fashion. We have termed
these growth structures “dizzy dendrites,” and two
exemplary experimental results are shown in Figures 2a

Figure 2: The growing PEO-PMMA polymer dendrites in the
upper two images exhibit what we have termed dizzy dendritic
growth. The simulation in the lower image is again provocatively
similar in its growth form.
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and 2b. One of the keys to the creation of such
growth structures is the presence of clay nucleating
agents in the polymer blend, and it has been
hypothesized (based on the observation of dendrite
tip deflection as it traversed such an impurity) that
the presence of these nucleating agents was causing
the observed “dizziness.”

However, the very fact that the dendrite no
longer reflects the symmetry of the underlying crystal
immediately requires that the dendrite no longer be a
single crystal, and, thus, a more complex phase field
model which incorporates multiple grain orientations
is required if we are to describe and predict this
interesting phenomenon.

Over the past few years, Metallurgy Division
scientists, in collaboration with researchers at MIT
and Hokkaido University, have developed a phase
field model that extends the models of solidification to
include polycrystalline growth. As is often the case
in scientific research, the ultimate uses of this model
are not those necessarily anticipated by the model
developers. In this case, researchers at the Research
Institute for Solid State Physics and Optics in Budapest
collaborated with NIST scientists to harness this model
to explain the observed dizzy dendrites.

Specifically, we have postulated the presence of
impurities that, upon incorporation into the solidifying
crystal, may cause the creation of a grain boundary.
We modeled these impurities by assuming a small
region of space has a crystal orientation that is fixed
(or has a predetermined orientation as a function of
time). We refer to these regions of fixed orientation
as pinning centers. Among the many interesting
observations found during the evaluation of this
model, by numerical experiments, we observed that
the dendrites would not typically deflect from their
original trajectory unless the tip of the growing stalk
crossed very near a pinning center. Studies were also
made of the sensitivity of the deflection as a function
of the size and misorientation of the pinning center.
Finally, we considered a random orientation distribution
at a density chosen to be the same as the experimental
value for clay nucleating agents in the PEO/PMMA
experiments shown in Figure 2. When the simulation
was performed, the microstructure had a strong
resemblance to experimental observations, as is seen
in Figure 2c.

Having successfully modeled the growth of
this complex pattern, we now are investigating the
possibility of using our increased understanding of
these systems to control the types of microstructure

Figure 3: This new phase field model can also be used to predict
methods to control microstructural patterns. The patterns on the
left indicate concentration of solute, while the patterns on the right
indicate the orientation of the crystal. The structures on the top
were induced by laying down horizontal lines of fixed orientation.
This causes the main stalk to zigzag. In the lower figures, we
include orientation pinning centers that spin at a fixed rotation
rate, causing the dendrite to develop a pinwheel structure.

that can be created. With that in mind, we explored
how the manipulation of included pinning centers

can influence the growth shape of dendritic patterns.
In Figure 3, we show two such experiments, indicating
both the solute distribution (on the left) as well as the
crystallographic orientation (on the right). In the upper
simulation, we laid down 11 horizontal lines of fixed
orientation. This resulted in a main dendrite stalk

that zigzagged, while changing orientation to reflect

the choices made by the pinning lines. In the lower
simulation, we placed a random distribution of pinning
centers, all of the same orientation, and insisted that
the orientations rotate in time with a fixed frequency.
We imagine that a clever experimental setup could
realize such control using electromagnetic effects or
surface patterning of growth substrates.

For More Information on this Topic

J. Warren (Metallurgy Division, NIST);
Jack Douglas (Polymers Division, NIST);
R. Kobayashi (Hokkaido University, Japan);
L. Granasy (RISSPO, Hungary); W.C. Carter (MIT)
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Advanced Metallizations for Sub-100 nm Electronics

Electrodeposited copper is rapidly replacing
aluminum for on-chip “wiring” because of its
lower electrical resistivity, superior electromigration
behavior, and the ability to fill fine features
without the formation of seams or voids. As
feature dimensions go below 100 nm, difficulties
in maintaining performance are anticipated. We
are addressing these issues through a combination
of modeling and experimental efforts. In FY2003,
we have pushed the quantitative limits of the
Curvature Enhanced Accelerator Coverage (CEAC)
mechanism developed in the Metallurgy Division
of NIST. Exploration of the mechanism has yielded
new electrochemical processing routes for improved
metallization and is guiding the development of
advanced metallizations beyond copper as well

as new processing routes such as ruthenium
barriers for seedless electrodeposition of copper.

Thomas P. Moffat and Daniel Josell

his project is meeting the microelectronics

industry’s need for improved device metallizations
by exploring advanced materials and process models
for superconformal film growth. In FY2003 we have:

= Developed a two-step process for obtaining superfill
during silver electrodeposition;

= Demonstrated superconformal feature filling using
ruthenium barriers without copper seeds;

= Described an exact solution for feature filling under
conditions of fixed total catalyst coverage;

= Extended the CEAC mechanism to explain surface
stabilization of planar deposits during deposition of
metals in electrolytes containing surfactant additives;

= Quantified consumption of adsorbed catalyst
(neglected in previous CEAC models) which can
substantially affect feature filling under certain
deposition conditions.

Technical Details

Filling of trenches and vias with silver and copper
is quantitatively explained by the Curvature Enhanced
Accelerator Coverage Mechanism (CEAC) developed at
NIST. Our current measurement and modeling effort
is focused on copper and silver metallizations, the latter
metal having the lowest resistivity of any element and,
thus, having potential on-chip applications.

A two-step process for superfill of high aspect
ratio features during silver deposition was demonstrated

6

for the first time. In this process, the catalyst is
adsorbed on the patterned wafer prior to metal
deposition; in traditional copper processing, a single
electrolyte contains both the catalyst and the metal ions.
As explained by the CEAC mechanism, this process
offers the possibility of improved filling of finer features
with higher aspect ratios through minimization of the
conformal “incubation” period of growth. In addition,
the plating bath requires fewer components and is thus
easier to maintain under industrial conditions.

In a review of NIST research by International
Sematech in November 2000, Aaron Frank, Program
Manager for Copper Deposition, requested that we also
examine a growing problem for on-chip interconnects:
poor deposition of seed layers as features shrink.

In response to this request, we demonstrated in

FY 2003 that superconformal electrodeposition
directly on ruthenium barrier layers on patterned
substrates eliminates the difficulties associated with
sputter-depositing copper seeds on tantalum and
titanium nitride barriers, again allowing filling of finer
features with higher aspect ratios (See Figure 1).

—
60 mm

Figure 1: Bottom-up copper fill during electrodeposition in

50 nm wide trenches with no copper seed is visible in the top
image. The patterned dielectric with the ruthenium barrier alone
is visible in the bottom image.

Computer codes, that quantitatively predict
superconformal deposition in fine features through the
CEAC mechanism, evaluate concentration fields in the
electrolyte as well as surface coverage of adsorbed
catalyst on a moving boundary. Our closed-form solution
for fixed initial coverage of catalyst can be used to assess
the accuracy of these codes, increasing the reliability of
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their predictions when applied to more complex conditions
including catalyst accumulation and consumption.

In a development with application far beyond the
microelectronics industry, our recent publication on
the CEAC mechanism of brightening is the first to
quantitatively explain the impact of adsorbed catalyst
on surface stabilization during growth. This work is
possibly the most significant advance in understanding
surface stabilization since the growth of surface
perturbations due to concentration gradients was
first described. It is as significant to creating shiny
electrodeposits of metal on a car bumper as it is to
reducing defect-inducing surface roughness in feature
filling for microelectronics.

By e Y2

LAY

NN

Figure 2: The geometry used to define the exact solution for

the superconformal filling of a trench. The metal deposits at the
bottom corners of the trench have met in the middle where a new,
even more rapidly moving, growth front emanates.

Electrochemical and surface analytical measurements
on planar substrates were used in FY2003 to establish
rates of catalyst consumption that affect both feature
filling and, quite likely, the microstructure of the metal
deposits. Previous CEAC-based models have discounted
such consumption, and this work demonstrates the
reasonableness of such assumptions for the previously
studied conditions. It also extends the understanding
of CEAC mechanism operation to the less than ideal
deposition conditions for which catalyst consumption
is significant.

Selected Project Publications for FY2003

D. Josell, T.P. Moffat, and D. Wheeler. “An Exact,
Algebraic Solution for the Incubation Period of Superfill,”
J. Electrochem. Soc., (in press).

D. Josell, D. Wheeler, C. Witt, and T.P. Moffat.
“Seedless Superfill: Copper Electrodeposition in
Trenches with Ruthenium Barriers.” Electrical and
Solid-State Letters, (in press).

G.B. McFadden, S.R. Coriell, T.P. Moffat,
D. Josell, D. Wheeler, W. Schwarzacher, and J. Mallett.
“A Mechanism for Brightening: Linear Stability Analysis
of the Curvature Enhanced Accelerator Coverage Model.”
J. Electrochem. Soc., (in press).

D. Josell, S. Kim, D. Wheeler, T.P. Moffat, and
S.G. Pyo. “Interconnect Fabrication by Superconformal
Iodine-Catalyzed Chemical Vapor Deposition of Copper.”
J. Electrochem. Soc., 150 (5), C368—C373 (2003).

D. Wheeler, D. Josell, and T.P. Moffat. “Modeling
Superconformal Electrodeposition Using the Level Set
Method.” J. Electrochem. Soc., 150 (5), C302—C310
(2003).

B.C. Baker, C. Witt, D. Wheeler, D. Josell, and
T.P. Moffat. “Superconformal Silver Deposition Using
KSeCN Derivitized Substrates.” Electrochemical and
Solid-State Letters, 6 (5), C67-C69 (2003).

T.P. Moffat, B. Baker, D. Wheeler, and D. Josell.
“Accelerator Aging Effects During Copper
Electrodeposition.” Electrochemical and Solid-State
Letters, 6(4), C59—-C62 (2003).

S.G. Pyo, S. Kim, D. Wheeler, T.P. Moffat, and
D. Josell. “Seam-Free Fabrication of Sub-Micrometer

Copper Interconnects by lodine-Catalyzed Chemical Vapor
Deposition.” J. Appl. Phys., 93 (2), 1257-1261 (2003).

B.C. Baker, M. Freeman, B. Melnick, D. Wheeler,
D. Josell, and T.P. Moffat. “Superconformal
Electrodeposition of Silver from a KAg(CN),-KCN-
KSeCN Electrolyte.” J. Electrochem. Soc., 150(2),
C61-C66 (2003).

T.P. Moffat, D. Wheeler, C. Witt, and D. Josell.
“Superconformal Electrodeposition Using Derivitized
Substrates.” Electrochemical and Solid-State Letters,
5(12), C110-C112 (2002).

D. Josell, B. Baker, C. Witt, D. Wheeler, and
T.P. Moffat. “Via Filling by Electrodeposition:
Superconformal Silver and Copper and Conformal Nickel.”
J. Electrochem. Soc., 149 (12), C637-C641 (2002).

Our findings have also been conveyed to the U.S.
microelectronics industry, academia, and other national
laboratories through more than 15 external presentations
in the last year, including an invited presentation at
Intel’s Portland, Oregon facility. Project publications
generated 100+ citations in the past year.

For More Information on this Topic

D. Josell, D. Wheeler, T.P. Moffat (Metallurgy
Division, NIST)
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High Throughput Data Analysis of Multicomponent

Multiphase Diffusion Data

Multicomponent diffusion processes are part of
many complex industrial processes. Reliable data
and analysis are critical to effective understanding
and development of such processes and the
resulting materials. For example, control

of multicomponent diffusion is essential for
optimizing heat treatments, predicting service life
times, and determining optimal material properties.
Developing and modeling these processes requires
efficient methods to use and store massive amounts
of diffusion data as well as improved techniques
for understanding multicomponent diffusion data.

Carelyn E. Campbell and William J. Boettinger

n improved understanding of multicomponent
multiphase diffusion is motivated by two major

industrial interactions: the DARPA /General Electric
(GE)-led AIM (Advanced Insertion of Materials)
program, which highlighted the need for modeling
multicomponent diffusion in Ni-base superalloys, and
the March 2002 NIST roadmapping workshop on
“Databases for Computational Thermodynamics and
Diffusion Modeling.” As a part of the AIM program,
a diffusion mobility database for Ni-base superalloys
was developed. An essential resource in developing
the diffusion mobility database was the NIST Diffusion
Data Center, which catalogs all of the diffusion work
between 1950 and 1980. The developed diffusion
mobility database was then used in conjunction with
the NIST-developed thermodynamic database for
Ni-base superalloys to simulate various multicomponent
diffusion couples. The diffusion simulations were
compared to experimental results provided by GE.
Figure 1 shows one such comparison for a Ni/Rene88
diffusion couple. The experimental and calculated
composition profiles are in good agreement, but
several questions remain on how to best analyze
the data from multicomponent diffusion couple
experiments. Current diffusion simulation methods
predict the diffusion coefficients as function of
composition and time; however, the ability to extract
comparable experimental diffusion coefficients from
multicomponent diffusion couples is limited.

The second industrial interaction motivating
further diffusion work was the result of interactions
at the March 2002 NIST workshop on “Databases
for Computational Thermodynamics and Diffusion
Modeling.” One of the action items from the 2002
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workshop was the development of a diffusion work
group to address a variety of multicomponent diffusion
questions as well as to promote the development of
multicomponent diffusion mobility data.

Based on the needs identified in 2002, a diffusion
workshop series began at NIST founded on the
following objectives:

= To improve communication among experts in
multicomponent diffusion measurement, analysis,
and simulation.

= To establish the most efficient method for extracting
diffusion data (diffusion coefficients, fluxes, marker
location) from multicomponent diffusion couple
experiments.

= To provide a forum to solve common diffusion
software execution problems.

= To agree on a common diffusion mobility database
assessment procedure.

= To establish a general approach to data handling and
diffusion modeling in ordered phases.

= To develop standard problems and a website for
inter-laboratory comparison of diffusion simulation
methods and data extraction techniques.

Following the above objectives, the first of a series
of workshops on “The High Throughput Analysis of
Multicomponent Multiphase Diffusion Data” was held
at NIST, March 27-28, 2003. The workshop format
was designed to encourage active discussion among
participants and hands-on computer demonstrations.

Presentations on available software for simulating
multicomponent diffusion couples included discussions
of the DICTRA (Diffusion Controlled Transformation)
finite-difference diffusion code and Profiler. The
MultiDiflux software code was presented as a tool
for determining interdiffusion coefficients from
multicomponent data. The development of diffusion
mobility databases was presented.

Discussions also included a review of diffusion
notation, the advantages and disadvantages of various
inverse methods (methods used to determine diffusion
coefficients from experimental composition profiles),
and a review of various experimental techniques.

The group also assessed the limitations of various
commonly used methods, including the limits of the
Darken approach and the Boltzmann—Matano method.
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Representatives from industry presented experiences
in using various diffusion software codes as well as
experimental methods. A strong industrial need was
articulated for developing the understanding of diffusion
in amorphous material, specifically in bulk metallic
glasses, and for developing multicomponent diffusion
data and modeling in ordered phases.

In the first diffusion workshop, several action
items were identified, including the development of a
website to post the group’s progress and of various
tools for teaching multicomponent diffusion. A second
diffusion workshop in the fall of 2003 will highlight
an introduction to first principle calculations for
diffusion, experimental issues in obtaining quality
data, and an analysis of multicomponent diffusion in
multiphase materials. The complexity associated
with multicomponent multiphase diffusion is shown
in Figure 2 comparing the experimental and calculated
Co composition profiles for the Rene88/IN100 diffusion
couple. At 1150 °C, IN100 is a two-phase mixture of
yand y’. While the diffusion simulations consider the
two-phase equilibrium during the diffusion simulations,
experimental methods for extracting diffusion
coefficients from multiphase materials are not
well defined.

At both the 2002 NIST Workshop and the 2003
Diffusion Workshop, both industrial and academic
diffusion experts described the value of having the
NIST Diffusion Data Center converted to a searchable
electronic form. The Diffusion Data Center represents
a unique collection of diffusion work up until 1980,
which is cataloged by author, diffusion system, and
selected keywords. The collection contains translations
of published works and difficult-to-obtain government
reports and theses. To preserve this work and to
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Figure 1: Calculated (solid lines) and experimental (symbols)

compositon profiles for the Ni/Rene88 diffusion couple at 1150 °C
for 1000 h. Experimental profiles from GE-CRD.
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Figure 2: Calculated and measured (symbols) Co composition
profiles in the Rene88/IN100 diffusion couple at 1150 °C for

1000 h. At 1150 °C, IN100 is a two phase mixture of Y +y".

The red line is the calculated average Co profile. The blue line

is the Co profile in the y phase and green is the Co profile in the
Y’ phase. The light blue region indicates the predicted two-phase
region in the couple after 1000 h at 1150 °C. Experimental data
from GE-CRD.

make it more widely available, the Metallurgy Division
is converting the paper-based catalog to a searchable
electronic format. Once the catalog is converted to

an electronic format, it will be made available on the
NIST website. The work will then focus on converting
the difficult-to-find papers, reports, and theses to an
electronic format, which can be accessible via the
NIST website.

Through the continuing NIST Workshops, action
plans for the Diffusion Working Group, and development
and application of multicomponent diffusion mobility
databases, NIST interaction with academia and industry
will continue to better address critical diffusion issues.
Ultimately, this increased accessibility to diffusion data
will provide material producer and user industries with
a variety of tools to more efficiently use and model
multicomponent diffusion as a vital part of process
modeling.

For More Information on this Topic

C.E. Campbell, W.J. Boettinger, U.R. Kattner
(Metallurgy Division, NIST); J.-C. Zhao (GE-CRD)

C.E. Campbell, W.J. Boettinger, and U.R. Kattner.
“The Development of a diffusion mobility database
for Ni-base superalloys.” Acta Mater, 50, 775-792
(2002).

www.ctcms.nist.gov/~cecamp/workshop.html
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Modeling Dynamics, Damping and Defects for Perpendicular

Magnetic Recording Media

In its accelerating march toward ever higher
recording densities, the hard disk drive industry
is moving toward perpendicular recording,
where the magnetization of the written bits is
directed perpendicular to the disk surface. One
of the metrology needs generated by the shift to
perpendicular recording is the characterization
of inhomogeneity in the media. This article
describes our development of models that enable
measurement of inhomogeneity in perpendicular
media by ferromagnetic resonance.

Robert D. McMichael

ne of the growing metrology needs of the hard

drive industry is the ability to characterize the new
generation of perpendicular recording media, where
the information is stored as magnetic bits magnetized
perpendicular to the disk surface. To store these bits,
it is desirable to have media with small, nearly decoupled
grains with strong, uniform anisotropy and easy axes
directed along the disk normal. Typical grain sizes in
the new media are approximately 10 nm.

Characterization of the average properties of
perpendicular media is routinely accomplished by
magnetometry. However, there is a significant need for
information about the inhomogeneity of perpendicular
media, particularly the angular easy axis distribution
and the distribution of anisotropy fields. Inhomogeneity
of the media impacts the bit writing process, analysis
of bit stability, and media noise in the read process.

Information about the dispersion of the
crystallographic axes can be obtained from x-ray
diffraction, but magnetic coupling may force two
crystallographically distinct grains to behave as a single
magnetic grain, so a purely magnetic measurement of
the dispersion angle would be more closely related to
the performance of the media.

For variations in the anisotropy field, the only
estimates currently available are based on TEM
compositional analysis coupled with anisotropy studies
on bulk materials. Here again, a direct, purely magnetic
measurement would give a clearer indication of the
magnetic performance of the media.

The new perpendicular media, with aligned
anisotropy axes, is much better suited to ferromagnetic
resonance measurements than longitudinal media.
Ferromagnetic resonance is a peak in the transverse
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susceptibility at a frequency that corresponds to
precession of the magnetization about its equilibrium
orientation. The width of the ferromagnetic resonance
peak, or “line width,” is the combined effect of damping
and inhomogeneity. While there are well-established
models for damping, better models of inhomogeneity
were needed for interpretation of line width data.

Through our modeling the dynamics of
inhomogeneous films, we have laid the theoretical
support needed for interpretation of line width data to
obtain inhomogeneity information on magnetic thin films.

Previously, there were two known models
of ferromagnetic resonance line broadening by
inhomogeneity: the “local resonance” model and
the “two-magnon” model. The local resonance
model assumes that interactions are not important,
and the line width is therefore a direct measure of the
inhomogeneity strength. The “two-magnon” model
includes interactions but, because it is a result of
perturbation theory, is limited to weak inhomogeneity.
The two-magnon linewidth depends quadratically
on the inhomogeneity strength. The models give very
different results, but both models have been successfully
used to describe separate sets of linewidth data.

Figure 1: In the absence of interactions, inhomogeneity leads
to local resonances at a distribution of frequencies, leading to
a broadened resonance line. Interactions cause narrowing of’
the envelope peak described by the two-magnon model.

To understand the relationship between the local
resonance and two-magnon models of line width, we
modeled a series of inhomogeneous films with different
grain sizes and different levels of inhomogeneity, and
we computed the eigenmodes of the magnetization
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motion (Figure 1). We found that the behavior of

the magnetization dynamics depends on the relative
strengths of the interactions and the inhomogeneity.
For a uniform film, the eigenmodes are spin

waves (“magnons” in quantum mechanics), and
inhomogeneities or strong interactions cause mixing
of the spin wave modes in agreement with the two
magnon model. For strong inhomogeneities relative to
interactions, the dynamics were localized on individual
grains in agreement with the local resonance model.
These results are summarized in Figure 2, where
small grain sizes correspond to strong intergranular
interactions, and large grains correspond to weak
interactions. These results unify the local resonance
and two-magnon models.
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Figure 2: Line widths as a function of grain size in a Permalloy
film calculated by eigenmode analysis for three random field
strengths Hy. (Open and closed symbols are for two methods of
computing line width from the eigenmode spectrum.) The line
width transitions smoothly from the local resonance model for
large grains (weak interactions) to the two-magnon model when
grains are small. The pink line indicates where interactions and
inhomogeneity are roughly equal.

The full eigenmode analysis takes a significant
amount of computation time, making it a poorly
suited technique for data fitting. However, the results
in Figure 2 suggest a simple first approximation;
for a given combination of microstructure and
inhomogeneity, the lesser of the two-magnon model
and the local resonance model is likely to be valid,
except in the range where they are similar.

Figures 3 and 4 show two-magnon and local
resonance line width calculations for perpendicular
media with thickness 15 nm and grain size 10 nm
with an average anisotropy field of 1.4 T (14 kOe).
In these figures, the top diagram portrays the local
resonance result, the green curve is the two-magnon
model with dipolar interactions only, and the blue
and pink curves are for fractional and full exchange
coupling. For the given inhomogeneity strengths, the
two magnon model results are expected to be a good

approximation to the line width, but for larger values of
inhomogeneity, the two magnon results will exceed the
local resonance values and the local resonance results
would be valid.
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Figure 3: Local resonance and two-magnon line widths resulting
from tilting of the easy axis directions in perpendicular recording
media with 10 nm grains. Two magnon results are calculated for
three values of exchange coupling.

g

|’_‘ local res 100 mT Hu Variation
E 1501 A= n_() ------- .
< A=00%A, e

g 1007 A, = 13x10M ym — =

TN - ; —

0 10 20 30 40 &0 60 70 80 90
Magnetization Angle (°)

Figure 4: Local resonance and two-magnon line widths resulting
from anisotropy variations in perpendicular recording media
with 10 nm grains. Two magnon results are calculated for three
values of exchange coupling.

These results show that the ferromagnetic
resonance line width can be a sensitive probe of
inhomogeneity in perpendicular recording media with
the ability to differentiate damping, c-axis dispersion,
and anisotropy variations. For weak inhomogeneity,
the two-magnon model becomes valid, and the line
width can also provide information about exchange
coupling.

A ferromagnetic resonance apparatus with the
frequency and field ranges necessary to measure
perpendicular media is in the design phase.

For More Information on this Topic

R.D. McMichael, W.F. Egelhoff, Jr. (Metallurgy
Division, NIST)

R.D. McMichael, D.J. Twisselmann, and A. Kunz.
Phys. Rev. Lett., 90, Art. No. 227601 (2003).
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Artifacts in Ballistic Magnhetoresistance Measurements

Magnetic sensors play a central role in many
important technologies ranging from data storage
to health care to homeland security. A common
need among these technologies is higher
sensitivity and smaller size. Advances in the past
year in the Ballistic Magnetoresistance (BMR)
effect appeared to provide enormous progress in
sensitivity in nanoscale devices. The scientific
press reported it as one of the major discoveries

of the year. Unfortunately, it appears to be wrong.

Experiments at NIST have found that several
simple artifacts can account for the results. NIST
is taking a leading role in designing artifact-free
metrology to provide reliable data to the magnetic
sensor industry.

William F. Egelhoff, Jr.

Magnetic sensors play a central role in many
important technologies. To name just a few,
computer hard disk drives use magnetic sensors to read
stored data (Figure 1), magnetoencelophalography uses
magnetic sensors to image brain wave activity, and
bio-hazard detectors use magnetic sensors to detect
magnetic beads bio-tagged for anthrax, botulism,
cholera, and other pathogens.

Magnetic Sensor

Figure 1: Computer hard disk drives use a magnetic sensor to
read data.

A common need among these technologies is higher
sensitivity and smaller size. With higher sensitivity and
smaller size, more data could be stored on a hard disk,
higher resolution imaging of brain activity would be
possible, and earlier warnings of bio-contamination
could be given.

Currently, the Giant Magnetoresistance (GMR)
effect is used for the best small-scale sensors. A GMR
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sensor can, at best, exhibit a =15 % change in
electrical resistance in response to a magnetic field.
Shock waves went through the magnetic-sensor
community in 2003 when a value for the Ballistic
Magnetoresistance effect (BMR) of 100,000 % was
published and a value of 1,000,000 % was reported at
a major scientific conference.

Understanding these results suddenly became a
high priority for the magnetic-sensor community.
For example, Seagate, the world’s leading hard-disk
drive manufacturer, sent Dr. Erik Svedberg, a physicist
in its research labs, to work with us half-time in 2003 to
investigate BMR. Seagate selected to work with NIST
because we already had a strong program in place to
investigate BMR and a network of collaborators that
included those groups reporting the high BMR values.
NIST had initiated the BMR research program prior to
these reports because earlier less-sensational reports
of BMR looked promising but faced a number of
problems. BMR samples had poor reproducibility, poor
stability, and poor reliability. The fabrication techniques
were poorly understood, and there was no theory to
explain the magnitude of the BMR effect. It was felt
that NIST might help with what is often a long, hard
road from a laboratory demonstration of a concept to
a commercially successful device.

As the NIST program developed over the past
two years, it became clear that other labs were able to
achieve much higher BMR values, some in the 100 % to
700 % range, while NIST results rarely exceeded 10 %.
The trend accelerated in 2002 as these other labs began
reporting results of 3,000 % to 10,000 %. These BMR
values were reported as major discoveries in Science,
Science News, and Physics News.

In late 2002 and early 2003, scientists from these other
labs visited NIST to demonstrate how they achieved these
results. NIST staff analyzed the experiments and found
them to be subject to a variety of artifacts that can mimic
BMR. The small BMR values that NIST had measured
were directly attributable to more careful experimental
design that excluded the artifacts.

The most common artifact is a result of
magnetostriction, in which the length of a magnetic
wire changes length in a magnetic field. Figure 2
illustrates the geometry that produced some of the
sensational effects attributed to BMR. Two Ni wires
are brought together with a gap of = 20 pm. The gap
is bridged by electrodepositing Ni in a way that forms a
nanocontact with one of the Ni wires. This nanocontact
is thought to have dimensions on the order of 10 nm.
When a magnetic field is applied along the axis of one
of the wires, a sharp increase in the electrical resistance
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of the nanocontact is observed, as illustrated in the inset
in Figure 2. The results were interpreted as BMR
assuming that the magnetic field was magnetizing the
two sides of the nanocontact in opposite directions and
the resulting magnetic domain wall impeded the flow of
electrons, thereby increasing the measured resistance.

Resistance
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Figure 2: An illustration of the geometry used to generate
sensational apparent BMR values.

A simpler explanation accounts for the result: the
magnetic field also makes the Ni wire shorter. Using the
magnetostriction constant A for Ni and the length of free
wire, the calculated shortening is 35 nm. This distance
is enough to stretch and severely deform a 10 nm
nanocontact, increasing its electrical resistance. In fact,
in experiments at NIST using electrochemical techniques,
it was possible to break and reform nanocontacts thus
giving what would correspond to infinite BMR.

Further experiments at NIST using alloy wires
whose composition is tailored to have a magnetostriction
constant of zero showed no resistance change in a
magnetic field. These wires were magnetic and should
exhibit BMR if the effect was as claimed, casting
further doubt on the high values reported.

Another approach investigated at NIST involved
replacing the Ni wires with Ni thin films deposited on
wafers. The strength of bonding between the Ni and
the wafer anchored the Ni films and suppressed the
shortening effect. In this geometry, the nanocontact
showed no resistance change, further supporting the
conclusion that the high BMR values were not true BMR.

When informed about the NIST results, one of the
other labs responded with a method to produce the high
BMR values in magnetic nanocontacts electrodeposited
at an unusually large voltage on wafers. NIST examined
the techniques and found that the unusually large
deposition voltage did not produce a solid contact.
Instead, the deposit consisted of loosely assembled
magnetic particles. When a magnetic field was applied,
a compaction of the powder could be observed in a
microscope. The small magnetic particles, upon

becoming magnetized in the same direction, were
clumping together under the magnetostatic attraction,
as illustrated in Figure 3.
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Figure 3: An illustration of how magnetostatic forces cause
magnetic particles to clump together to create conducting paths.

In samples made this way, the no-field case was
the high resistance state, and the with-field case was
the low resistance state. When the particles clumped
together, they created additional current-carrying paths
to lower the electrical resistance. There was no evidence
of anything resembling true BMR in these samples.

A preliminary report of these artifacts was presented
at the March Meeting of the American Physical Society
in 2003. A more comprehensive report of the work will
be presented at the Magnetism & Magnetic Materials
Conference in January 2004.

Experiments are continuing at NIST to put BMR
on a firm scientific foundation. Although a conclusive
answer is not available at this point, the results, so far,
suggest that there may be a small BMR effect but not
one that is large enough to be of great interest to the
magnetic-sensor community. NIST’s work on this
topic is likely to be completed early in FY04.

“The technical challenges facing the data storage
industry in the next 10 years are so broad and so
deep that the industry cannot do it alone. We need
researchers like you here at NIST to help us.”

Dr. Sining Mao
Senior Manager, Recording Heads
Division, Seagate Technology

For More Information on this Topic

E. Svedberg (Seagate); N. Garcia (CSIC, Madrid);
H. Chopra (SUNY-Buffalo); R. McMichael, T. Moffat,
J. Mallett (Metallurgy Division, NIST); M. Stiles (Electron
and Optical Physics Division, NIST); C. Powell
(Surface and Microanalysis Science Division, NIST)
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Phase Field Modeling of the Electrochemical Interface

Many important problems in electrochemistry,
such as void formation during plating in vias
and trenches for on-chip metallization or dendrite
formation during recharging of batteries, involve
complex topologies that are not easily treated

by existing models. The phase field modeling
technique has had considerable success studying
similar interfaces, with much of the fundamental
work performed by researchers in the NIST
Metallurgy Division, but the work has almost
exclusively focused on solidification. This project
seeks to bridge the gap between the traditional
electrochemical and phase transformation
modeling communities.

Jon E. Guyer and William J. Boettinger
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lectrodeposition is increasingly being applied

to sub-micrometer features with convoluted
morphologies, such as the “copper damascene” process
of the micro-electronics industry. In this size regime,
factors become important which have been safely
neglected in macroscopic models of electrochemistry.
For example, as length scales shrink, surface curvature
becomes an important consideration; subtle interactions
between surface energy and the selective adsorption
of different species on the electrode surface can no
longer be ignored. Furthermore, traditional models
of electrochemical interfaces, such as that of
Gouy—Chapman—Stern, take the interface between
phases (the transition between electrode and electrolyte)
to be abrupt. Such treatments have difficulty tracking
a real electrochemical interface, which is often
convoluted or can have changing topology, because
the boundary conditions on that interface depend on
its position, which is part of the unknown solution.

The phase field technique is an alternative
approach to modeling phase transformations that
has had considerable success in the past decade in
the modeling of solidification. The method employs a
thermodynamic variable, which is a function of position
and time, to describe whether the material is solid or
liquid. The behavior of this variable is governed by
a partial differential equation that is coupled to the
relevant transport equations for the material. The
interface between the phases is described by smooth
but highly localized changes of this variable. It is not
necessary to explicitly track the interface between
phases or to apply any boundary conditions there.
The method is computationally demanding, but it is
powerful because changes in complex interfaces and
topology occur naturally.
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Figure 1: Differential capacitance calculated by our model.

Motivated by the successful phase field models
of solidifying interfaces, we seek to expand NIST’s
“phase field toolkit” into electrochemistry. As a first
step to applying the method to convoluted electrochemical
interfaces, we have developed a 1D model by making a
limited set of assumptions: mass and volume constraints,
Poisson’s equation, ideal solution thermodynamics in the
bulk phases, and a simple description of the competing
energies in the electrode/electrolyte interface.

Equilibrium Interface

The interface between two phases containing free
charges is known to develop a charged “double layer.”
For instance, a layer of excess electrons at the surface
of a metal will mirror a layer of excess cations in the
adjacent electrolyte. Despite the simple assumptions
made in its formulation, our model spontaneously
produces just such a double layer. Even though both
the total charge and the charge in each bulk phase
are zero, we find that there is some non-zero charge
distribution in the interface, just as in physical systems.
Both electrochemical theory and experiments on inert
systems show that the surface charge is directly
coupled to the surface energy and that both depend
on the potential across the interface. In particular,
at the “point of zero charge” (PZC), where the surface
charge is zero, the surface energy has a maximum.
Independent calculations of surface energy and surface
charge using our model exhibit exactly the relationship
expected from traditional theories.

The “differential capacitance” is defined by the
change in surface charge with potential. The value
predicted by classical models of the electrochemical
interface depends on the hyperbolic cosine of potential
near the PZC and becomes a constant for larger potential
differences. The differential capacitance calculated by
our model, however, exhibits complex shapes with multiple
extrema, as seen in Figure 1. This behavior bears a much
stronger resemblance to experimental measurements, such
as in Figure 2, than to previous theories.
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Figure 2: Experimental measurements of differential capacitance
on Ag(100) electrodes in aqueous solutions of NaF. [Reprinted
from J. Electroanal. Chem. 138, G. Valette (1982) 37-54), with
permission from Elsevier.]

Dynamic Interface

Turning now to the examination of electrodeposition
and electrodissolution, when the overpotential (the
deviation from the equilibrium potential difference
across the interface) is not zero, current will flow and
the interface will move. The classical description for
the relationship between current and overpotential is
the empirical Butler—Volmer relation (Figure 3).
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Figure 3: Current vs. overpotential calculated by our model
(symbols) and predicted by classical Butler—Volmer equation (line).

In contrast, phase field models typically assume that
the rate of change of the phase field is directly proportional
to some driving force. Despite making such a simple
assumption about the kinetic behavior, the rich interplay
among composition, charge, electrostatic potential, and
thermodynamic stability gives rise to current-overpotential

behavior that agrees very well with the predictions of
traditional electrochemistry (Figure 3).

At large overpotentials, we find that the most
electroactive cation becomes depleted at the interface
nearly to zero. The concentration gradient can be no
steeper, limiting the rate of cation diffusion to the
interface. In order to carry more current than this
diffusion-limited value, the charge structure of the
interface shifts to allow deposition of less electroactive
species. Figure 4 shows two different times after the
current has been changed from 0.005% to 500% of the
limiting current for the deposition of M, leading to alloy
deposition of M and N.
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Figure 4: Profiles of the ion concentrations, charge density, and
electrostatic potential at two different times after the current was
changed from 102 A/m? to 107 A/m?. The gray band indicates the
position of the diffuse phase field interface.

By correctly describing the fundamental physics,
our model spontaneously produces differential
capacitance curves strongly reminiscent of experiments,
nonlinear current-overpotential behavior, and alloy
deposition, all without making ad hoc assumptions.
Future work will focus on further relating the
parameters of the phase field model with those of
traditional electrochemistry, examining larger physical
domains, and to extending the model to two dimensions.

For More Information on this Topic

J. Guyer, W. Boettinger, J. Warren (Metallurgy
Division, NIST); G. McFadden (Mathematical and
Computational Sciences Division, NIST)
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NEMI-NIST-TMS Workshop on Tin Whiskers: Cause and Effect

This NEMI-NIST-TMS workshop brought together
key researchers to compare in detail research that
has been done in the area of tin whiskers, and

to see if a consensus could be developed on a
basic model defining the conditions for whisker
formation, or, if not, on the work required to
reach such a consensus. The end goal is to
provide direction to the electronics industry in
developing deposition processes that will assure
that long-lifecycle products will not experience
catastrophic failure due to whisker growth.

William J. Boettinger and Maureen Williams

Since the mid 1940s, the phenomenon of metallic
growths from electrodeposited surface finishes on
electronic components has been observed and studied.
Electrodeposited surface finishes applied to the component
leadframe protect the material from corrosion and
improve solderability of the components prior to board
assembly. These metallic growths are referred to as
whiskers and may form different shapes, as seen in
Figure 1.

Figure 1: Three different whisker types from bright Sn coatings;
a) Filament with tip and base shown in insert; b) Odd shaped
eruption with filimenery growths; c) filament growing from an
eruption.

The most commonly used commercial surface
finishes are Tin (Sn) based. Sn whiskers (filament type
whiskers are typically 1 pm diameter and several mm
long) can grow from the Sn plate and cause electrical
shorts and failures. Tin—lead (Pb) alloys have been
used extensively for surface finishing of electronic
components because Pb was found to be effective in
retarding Sn whisker growth and keeping production
costs low. Since Pb-free solder alloys have been
introduced, electronic manufacturers are seeking a
new surface finish technology that will prevent Sn
whisker growth without the use of Pb. Whiskers are
generally believed to grow to relieve residual stress
in electroplated Sn. Figure 2 shows a schematic of
compressive stresses in electrodeposited Sn plating
resulting in the growth of a Sn whisker. Some of the
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key factors that have been found to influence Sn
whisker growth are: deposit thickness, diffusion,
thermal stresses, substrate material, electrolyte type,
plating conditions, temperature, humidity, organic

and inorganic inclusions, grain size and shape, and
interdiffusion barriers. In spite of this wealth of
information, a basic understanding of whisker growth
and its prevention does not currently exist.

Sn Whisker
~3-16 ym Sn Compressive Stress

Figure 2: Schematic of Sn whisker growth from a Sn
electrodeposited plating.

The National Institute of Standards and
Technology (NIST), the National Electronics
Manufacturing Initiative (NEMI), and The Minerals,
Metals & Materials Society (TMS) co-sponsored a
one-day workshop, “Tin Whiskers: Cause and Effect,”
on Sunday, March 2, at the San Diego Convention
Center. The event was held in conjunction with the
2003 TMS Annual Conference and Exhibition.

The agenda consisted of four presentations
during the morning and round table discussions in the
afternoon. The 44 attendees represented a variety of
industrial, academic, and government organizations,
including Analog Devices, Brocade Communications
Systems, Cookson Electronics, Hanyang University,
HP, IBM, Intel, KAIST, Kyocera, Los Alamos National
Lab, Michigan State, Millenium Chemicals, Motorola,
Oak Ridge National Lab, Research in Motion, Sandia
National Laboratory, Shipley TI, Sun Yat-Sen University
(Taiwan), SUNY at Buffalo, Technic, The Aerospace
Corporation, University of Kentucky, and Washington
State University. All of the participants contributed to a
lively afternoon discussion of the papers presented and
current theories.

Stress in Electroplated Sn

Dr. Chen Xu of Cookson Electronics outlined his
work on understanding the whisker growth rate and
carrying out structural and chemical characterizations
of whisker growths. He presented a “whisker index”
— a proposal to characterize whiskers and presented
data on this factor as a function of various types of
Sn plating. He discussed the use of x-ray diffraction
(XRD) for measuring stress in Sn plated films,
showing the changes in stress as a function of time.
His data shows that compressive stress in the film
leads to whisker growth, while tensile stress does not.
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He presented data to show that a nickel (Ni) under layer
will result in tensile stress in the Sn layer, and he saw
no whisker growth when a Ni layer was deposited
between the Cu and Sn layers.

Spontaneous Growth of Tin Whiskers

Dr. Dong Nyung Lee of the School of Materials
Science and Engineering, Seoul National University
showed results of microstructure characterization
using SEM techniques, including angle of growth, and
pole figures. To release the compressive stress in
the tin film, tin whiskers grow from the grain whose
surface oxide is sheared. The whisker growth is
controlled by the expansion of prismatic dislocation
loop on the slip plane by climb, that is, by means of the
operation of the Bardeen—Herring dislocation source.
Whisker growth continues until the stress is relieved.

Tin-Whisker Microstructural Analysis

Dr. George T. Galyon of the IBM Server Group
provided a critical analysis of the literature outlined in
his Annotated Sn Whisker Bibliography, noting that
there appear to be necessary conditions for whisker
formation (i.e., stress) that are not always sufficient
to explain the overall phenomena. He provided a great
deal of information on the use of the Focused Ion Beam
(FIB) tool in examining whiskers. Very little, and only
recent, work has been reported using this new tool,
and it seems to provide considerable additional insight
into whisker structures. His observations indicate that
whisker growth is the result of a recrystallization of
the tin at the base of the whisker resulting in additional
material pushing the whisker out of the film.

Focused lon Beam, Transmission Electron
Microscopy, and Synchrotron Radiation

Dr. King N. Tu, of the Department of Materials
Science and Engineering at UCLA, performed studies
on tin whiskers with focused ion beam (FIB) imaging,
cross-section transmission electron microscopy
(XTEM) observation, and synchrotron radiation (SR)
micro-diffraction analysis. Morphology of whiskers
and orientation relationship between a whisker and
grains in the tin plating has been studied by FIB and
XTEM. A large amount of precipitates in the grain
boundaries were observed. The precipitation of CugSng
intermetallic is believed to maintain the driving force
for spontaneous whisker growth.

Discussion Summary

Discussions established that Sn whiskers are caused
by compressive stress in the Sn plated film, and that
material somehow moves through the grain boundaries

to form a whisker. Whiskers grow from material
deposited at the base of the whisker. The formation
of Cu,Sn; intermetallics in the Sn grain boundaries
may contribute to the growth of a compressive stress.
The whisker may take advantage of weakness in the
oxide film to erupt.

While no specific mechanism for Sn whisker
growth was established, several questions were posed.
Some of these questions included:

= Why is recrystallization of Sn necessary for
whisker growth?

= What is the mechanism by which the Sn is
transported to the whisker base?

Discussions also determined several areas that
require further study to determine the growth
mechanism:

= The role of Pb in suppressing whisker formation;
the role of a surface oxide layer;

= The role of texture;
= The role of impurities; and

= The role of a diffusion barrier.

An understanding of the details of the nucleation
process is also needed. The most important conclusion
was that further systematic experimental work must be
done to establish the growth mechanism.

Currently at NIST, efforts are focused on analyzing
the average stress relaxation in electrodeposited films
as function of time. These experiments concentrate on
in situ stress measurements during the plating process
and post-plating. Additional experimental work is
planned in collaboration with NEMI members.

“I consider your [NIST Metallurgy Division] group
a key asset to industry in making these decisions on
the soundest possible scientific basis. There is no
comparable body of expertise anywhere in the world
that matches that found in your group.”

Dr. George T. Galyon
(IBM) — Chairman, NEMI
TinWhisker Modeling Committee

For More Information on this Topic

W.J. Boettinger, M. Williams (Metallurgy Division,
NIST); R. Gedney (NEMI); K.-W. Moon (University
of Maryland)
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Kolsky Bar: Materials Properties at High Strain Rates and

High Heating Rates

Materials processed in industry are frequently
placed simultaneously under applied high strain
and heating rates. Understanding, predicting,
and simulating these processes require databases
for materials properties and constitutive equations
verified under similar conditions. NIST has
responded to these industrial needs by developing
a unique testing facility for measuring the needed
data and validating the appropriate material
models under controlled, high rates of straining
and heating.

Richard Fields and Debasis Basak

achining processes such as turning, milling,

drilling, broaching, etc., are the most commonly
used methods of producing precision metal parts.
Efficient machining requires a thorough knowledge of
the machine/tool/workpiece interactions. This includes
understanding material behavior under the conditions
of machining. Furthermore, competition has pushed
industry to machine parts as rapidly as possible.
This has led to the development of codes that predict
machining behavior and guide the development of
the most efficient machining practices. These codes
require, as input, mechanical property data that is not
commonly available for most alloys of commercial
interest.

At the tool/workpiece interface, the material
being removed is subject to extremely high forces and
temperatures. The high temperatures arise from the
work dissipated by the large and rapid straining. They
also result from the friction between the tool and the
workpiece material. It has been estimated that the
straining occurs at a rate between 103 s7! and 106571,
while the heating takes place at rates up to 10° K/s. The
rapid heating is important because most microstructural
features cannot change to their equilibrium structure
in such a short time. Previous attempts at collecting
high temperature data elsewhere have relied on low
rates of heating and thus measured the properties of
inappropriate microstructures. It is the controlled,
high heating rate that makes the current facility unique.

The facility is built around a conventional Kolsky
Bar (sometimes called a Split Hopkinson Pressure Bar)
shown in Figure 1. An air gun fires a striker bar at
speeds up to 50 m/s at the incident bar. On impact, the
striker bar generates a roughly square elastic wave in
the incident bar twice the length of the striker bar and
traveling at nearly 5000 m/s. This wave propagates
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down the incident bar to the sample and compresses
the sample between the incident bar and the transmitted
bar. The elastic strain at any time introduced into the
transmitted bar during this process is proportional to
the stress in the sample at that time and the elastic strain
reflected back into the incident bar is proportional to

the strain rate experienced by the sample at that time.
By analyzing the strain signal records, the stress/strain
behavior of the sample material can be determined
under controlled high strain rates.
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Figure 1la: Schematic diagram of Kolsky Bar apparatus.

P

Figure 1b: Photograph of NIST s Kolsky Bar facility.
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A millisecond-resolution pulse heating facility,
which relies on rapid resistive “Joule heating” of the
specimen by the passage of an electric current pulse
of sub-second duration, is used to heat the specimen.
The connections for the current input can be seen
in Figure 2. Two high-speed pyrometers are used
simultaneously during the test. A spot pyrometer
measures the specimen temperature with microsecond-
resolution, and an imaging pyrometer records the
temperature distribution in the specimen during the
test. The output from the spot pyrometer is also
used to control the specimen temperature. When the
desired temperature is reached, the electric current
to the specimen is either automatically turned off or
a feedback control program is activated to achieve
isothermal conditions in the specimen, prior to impact.

Figure 2: The current for heating is introduced through copper
blocks and graphite bearings to the incident and transmitted bars,
and then through the sample seen in the middle. The sample
temperature is monitored by the pyrometer being focused on it.

This facility was developed to provide insight and
data for high speed machining of commercial alloys.
To date, it has been used mainly for copper, 303
stainless steel, AISI 1045 steel, and 7075 aluminum
alloy. The results of this research are described under

“High Speed Machining” elsewhere in this annual report.

The data are being provided to industry and other
alloys of commercial interest are being investigated.

More than a dozen papers and talks have been presented
on this topic in the three years that this project has been
underway. Additional papers are being drafted.

Since the facility was developed, other applications
for it have arisen. The World Trade Center Twin
Tower collapses were initiated by the impact of
two commercial airliners. NIST has undertaken the
modeling of these impacts to more fully understand
the events leading up to the failure of the towers.

The models require high strain-rate mechanical
properties. The Kolsky Bar facility is providing the
rate dependence of plastic deformation for the many
types of structural steel in the buildings.

Another application concerns the behavior
of projectiles such as those used as military tank
penetrators. It has been found that the Kolsky Bar test
is one of the best predictors of thermal localization of
deformation and the self-sharpening behavior desired
in penetrator materials. The Kolsky Bar facility is
providing a project in the Metallurgy Division that is
investigating new penetrator materials with a rapid
assessment of whether their materials or processing
routes are improving penetration behavior.

Lastly, considering the significant number of
conventional Kolsky bars in use in the U.S., an effort
has been initiated to compare the consistency of
measurements made with these instruments. To date,
NIST has compared its results on 1045 steel and
copper with similar results at Aberdeen Proving
Grounds and Los Alamos National Laboratory.

Such intercomparisons will help improve and
maintain consistency of dynamic materials
properties measurements.

New applications for this unique facility are being
pursued in the areas of dynamic fracture and crack
arrest of high strength pipeline steels, bullets and body
armor for the Office of Law Enforcement Standards,
and additional issues in manufacturing. Since certain
types of explosions involve intense, rapid, radiative
heating followed by a shock wave, it is felt that the
new Kolsky Bar facility may play an important role
in research relating to homeland security.

For More Information on this Topic

Richard Fields, L. Levine, R. deWit (Metallurgy
Division, NIST); R. Rhorer, R. Polvani, K. Jurrens,
R. Ivester, H. Soons, M. Kennedy, B. Dutterer,
(Manufacturing Metrology Division, NIST); T. Burns
(Mathematical and Computational Sciences Division,
NIST); H. Yoon (Optical Technology Division, NIST);
Debasis Basak (University of Tennessee); M. Davies
(University of North Carolina, Charlotte)
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Program Overview

Advanced Manufacturing Methods

The industrial competitiveness of U.S. manufacturers
depends on their ability to reduce the time from product
concept to market while decreasing product cost. This
is as true for well-established “commodity” industries,
such as automotive and aerospace, as it is for rapidly
growing or emerging industries, such as biotechnology
and nanotechnology. Manufacturing is a critical step
in realizing such reductions in product cycle time:
for many industries and products, the rapid, low-cost
development of manufacturing processes is needed
to create new materials with complex product shapes
and higher performance at the same or lower cost as
the competing, older materials and methods.

To realize such improvements in manufacturing,
MSEL is working to develop robust measurement
methods, standards, and materials and process data
that will help in the design, monitoring, and control
of manufacturing processes. An increasingly
important step in manufacturing is process modeling.
Development of optimized manufacturing processes,
such as stamping of complex auto panels or machining
of large aircraft components, is time consuming and
labor intensive. In many cases, the resulting processes
are far from optimal because materials variability, caused,
for example, by residual stresses or strain localization
during processing, leads to lower yields. Our approach
is to develop and combine higher precision, spatially
localized measurement methods with realistic,
physics-based modeling of manufacturing processes
and materials process data to create more useful
process modeling tools.

Depending on the stage of the research, our
research is often conducted in close collaboration
with industrial consortia and standards organizations.
This close working relationship developed through
these organizations not only ensures the relevance of
our research, but also promotes rapid transfer of our
research to industry for implementation.

The performance of metallic components in products
is strongly dependent on processing conditions that
determine microstructural features, such as grain size
and shape, texture, the distribution of crystalline phases,
macro- and microsegregation, and defect structure
and distribution. NIST expertise is applied from a
wide range of disciplines, including thermodynamics,
electrochemistry, fluid mechanics, diffusion, x-ray,
and thermal analysis, to develop measurement methods
and understand the influence of processing steps
for industries as diverse as automotive, aerospace,
microelectronics, and defense. Two major MSEL efforts
in Polymer Processing and Forming of Lightweight
Metals are centered on unique measurement facilities.
Rapidly growing and emerging industries such as
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biotechnology and nanotechnology are also dependent
upon the development of new advanced manufacturing
methods that can produce metallic components with
the desired characteristics and performance. Related
projects with significant manufacturing processes
components can be found in the MSEL Programs

on Nanocharacterization, Materials for Micro- and
Opto-Electronics, and the Interface of Materials

with Biology.

Forming of Lightweight Metals

Automobile manufacturing is a materials
intensive industry that involves about 10 % of the U.S.
workforce. In spite of the use of the most advanced,
cost-effective technologies, this globally competitive
industry still has productivity issues related to
measurement science and data. Chief among these
is the difficulty encountered in die manufacture for
sheet metal forming. In the ATP-sponsored workshop
(The Road Ahead, June 20-22, 2000), the main
obstacle to reducing the time between accepting a new
design and actual production of parts was identified
as producing working die sets. To benefit from the
weight saving of high strength steel and aluminum
alloys, a whole new level of formability measurement
methods and data is needed, together with a better
understanding of the physics behind metal deformation.
MSEL is working to fill this need.

Polymers Processing

Polymers have become ubiquitous in the modern
economy because of their ease of processing, high
functionality, and low cost. However, these materials
can exhibit complex and sometimes catastrophic
responses to the forces imposed during manufacturing,
thereby limiting processing rates and the ability to
predict ultimate properties. The focus of our polymer
research is on microscale processing, modeling of
processing instabilities, and on-line process monitoring
of polymers. Our unique extrusion visualization facility
combines in-line microscopy and light scattering for the
study of polymer blends, extrusion instabilities, and the
action of additives. Current applications focus on
understanding and controlling the “sharkskin instability”
in polymer extrusion and observation of the dielectric
properties of polymer nanocomposites. Fluorescence
techniques are developed to measure critical process
parameters such as polymer temperature and orientation
that were hitherto inaccessible. These measurements
are carried out in close collaboration with interested
industrial partners.

Contact: Carol A. Handwerker
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Anelasticity and Springback Predictability

Increased computing power and finite element
modeling methods have brought the prediction

of springback and springback-compensated die
design within reach of industry. In developing
this technology, industry has identified areas
where better measurement methods and data

are required, and in some cases, where scientific
understanding of materials behavior is incomplete.
One such case is the influence of plastic deformation
on mechanisms of anelastic recovery and
springback. The objective of this project is to
develop fundamental understanding, test methods,
and data required to predict this phenomenon.

Richard Ricker

U.S. Council for Automotive Research (USCAR)

Consortium on Springback Prediction has
developed finite element springback prediction models
to the point where they are considering using these
models to guide the design of stamping dies. However,
current models have consistently under-predicted
springback leading to the inclusion into the models of
arbitrary correction factors determined from stamping
trials. The systematic and alloy dependent nature of
these errors indicate that the materials property data
used in making these predictions may be responsible.
Preliminary experiments in FY 2002 indicated that this
issue warranted further investigation by NIST using a
dynamic thermal-mechanical analyzer (DMA) capable
of partitioning springback into elastic and anelastic
(time independent and dependent) mechanisms.

For FY 2003, the main objective was to evaluate
the hypothesis that plastic deformation alters the
instantaneous elastic modulus (Mg ) of Al alloys. Earlier
work using tensile deformation indicated a modulus
reduction, but the plastic strain range that could be
studied was limited and the reductions were small
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Figure 1: The measured elastic modulus of two aluminum alloys
as a function of equivalent strain.

compared to those produced by texture changes

(<<19 %). Through DMA experiments on Al sheet
deformed in biaxial tension, Mg was shown to be

lower by 12 % to 18 % by deformation. Although
changing texture can lead to large changes in properties,
with Mg varying as much as 19 % with direction in

Al single crystals, texture measurements at the NIST
Center for Neutron Research (Figure 2) combined

with elastic moduli estimated for the measured
orientation distribution functions (Figure 3) demonstrate
unequivocally that plastic deformation lowers (Mg)
beyond that which can be produced by texture changes.
These results were presented at quarterly meetings

of the USCAR Springback Predictability consortia.
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Figure 2: Measured (200) pole figures for AA5052 before and
after balanced biaxial deformation.
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Figure 3: Predicted elastic moduli for measured pole figures
and Al single crystal elastic constants.

Issues to be addressed in the future include prediction
methods for elastic and anelastic modulii, development
of standard practices for developing data, and a better
understanding of underlying causes of the effect.

While Figure 1 indicates that a simple empirical model
can be used to incorporate these effects in springback
FEA codes, the fundamental physics underlying this effect
and its dependence on composition is not yet known.

Contributors and Collaborators

S.W. Banovic, D. Dayan, L. Ma, A. Munitz,
D.J. Pitchure (Metallurgy Division); H. Prask, V. Luzin
(NIST Center for Neutron Research); E. Chu (Alcoa);
USCAR Springback Consortia (Alcoa, DaimlerChrysler,
Ford, GM, LSTC, U.S. Steel)
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Microstructural Origins of Surface Roughening and

Strain Localizations

Existing data, measurement methods, and the
basic understanding of metallurgical factors that
influence friction, tearing, and surface finish
during sheet metal fabrication are insufficient to
meet the finite element modeling requirements of
industry. This project approaches the resultant
need by exploring the microstructural origins

of the distribution of slip, surface roughening,
and strain localization during plastic straining.
Influence of initial material characteristics on the
formability of Al- and Fe-based sheet metals as
a function of biaxial deformation is the primary
focus of the investigations.

Stephen W. Banovic and Mark R. Stoudt

Replacement of conventional steel sheets by
aluminum alloys and high-strength low-alloy
steels for various automobile closures is an effective
means of reducing vehicle weight in an effort to
increase fuel efficiency. However, widespread
application of these materials by the automotive
industry is limited primarily due to formability issues
and material database/constitutive law deficiencies
encountered in finite element modeling. Therefore,
this project examines the underlying structure—property
relationships associated with formability in an attempt
to further the numerical simulations that predict
deformation behavior of materials.

The main focus of this past year was to enhance
the methodology of surface roughness measurements
and to develop new analysis techniques to extract
characteristics in the roughness data. By utilizing the
appropriate analysis techniques, surface roughness
measurements can be a tool to identify which
deformation mechanisms were active, assess the
roughening that is characteristic of that mechanism,
and provide information regarding the range of activity
of that mechanism as a function of metallurgical
condition. Preliminary results from an ongoing
study of the influence of strain path on surface
roughness have recently shown that the resolution
of the instrument is crucial to obtaining statistically
significant results and understanding their meaning.

Figure 1 shows the topography obtained with
scanning laser confocal microscopy (SLCM) of a
1xxx-series aluminum sheet deformed in balanced
biaxial tension. With traditional contact profilometry,
the basic assessment of the roughness can be obtained,
however the data do not distinguish between the baseline
roughness and that which is characteristic of the plastic
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Figure 1: Surface topography of a 1xxx-series aluminum alloy,
deformed to a true strain of 0.1, obtained using scanning laser
confocal microscopy.

deformation. This is an inherent limitation caused by
the profilometer stylus acting as a low-pass filter that
cuts off the short wavelength component of the roughness
and limits resolution of small surface features. In
addition, specific microstructural features cannot be
targeted by this method. Conversely, analysis with
SLCM vyields a broader spectrum of information about
the roughness character. An example can be found in
the inset of the figure, which displays the corresponding
roughness profile from the 90 um line profile shown.
The analysis provides considerable information about
the height and distribution of the individual slip steps
regardless of the surrounding features of the milled
surface. With this additional information, a more
accurate model of the roughening process in this
material can be developed. These results are of
significant interest to automotive manufacturers who
have requested that we develop a NIST Recommended
Practice Guide for Roughness Measurements.

Future work will focus on surface roughness
development and crystallographic texture evolution
of Al- and Fe-based materials deformed via multi-pass
strain paths to more accurately simulate actual
stamping operations.

Contributors and Collaborators

T. Foecke, R.E. Ricker, D. Dayan (Metallurgy
Division, NIST); M.D. Vaudin (Ceramics Division,
NIST), T. Gnéaupel-Herold, V. Luzin (NIST Center for
Neutron Research); Y. Shim (University of Georgia)
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Plasticity, Fabrication Processes, and Performance

Prediction of large strain plasticity under complex
load histories, such as those applied during
industrially relevant processes, is limited due

to our limited understanding of the role played
by microstructure. Advances in theoretical and
modeling capabilities that include microstructure,
guided by experimental measurements and
validation, are needed to shed new light on this
problem. For example, Object Oriented Finite
Element (OOF) programs are limited by their
inability to deal with plasticity. Remedying this is
one of the principal challenges of this project.

Richard Fields

Diffraction provides a powerful means of very
accurately measuring both microstructure

and mechanical behavior in a way that provides

insight simultaneously into both, and offers particular
opportunities for understanding plasticity. This project
is implementing one or more plasticity models in OOF
and devising critical experimental and computational
benchmarks to validate OOF using the NCNR’s neutron
diffractometer to measure residual stress, texture,

and elastic properties. Conventional x-ray sources

are also being used where stress states measured at

or near surfaces are important for understanding the
behavior of materials or to compare with predictions.
Synchrotron x-rays are used to deal with subsurface
residual stresses in the thin, highly textured samples
that result from simulated forming operations.
Specifically, the following tasks are underway:

= Experimentally validate calculations of the important
role played by residual stresses on high-precision
machining and forming operations (includes
collaborative contributions from MEL, ALCOA,
and Boeing Corporation);

= Provide technical assistance and validation testing to
CTCMS staff engaged in adding 3D plasticity to OOF;

= Develop the ability to characterize near-surface
residual stresses; and

= Further develop neutron and synchrotron radiation
sources to provide high-resolution data needed to
relate microstructure, residual stresses, and their
effect on springback, etc.

Once plasticity has been implemented in OOF,
additional verification tests will be carried out against
analytical and numerical models. Validation tests will
be carried out against benchmark experiments run at
the NCNR and in the Metallurgy Division. An effort to
include basic 3-D aspects to OOF based on stereology
may be included in this part of the research.
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Figure 1: Comparison of measured elastic modulus dependence
on texture with predictions using EBSD and OOF model.

Accomplishments

= Validation of Distortion Prediction Method:
In 2002, we validated residual stress measurement
and prediction methods of industry. In 2003,
we generated shapes with measured distortion
machined from self-stressed bodies to compare
with industry-predicted behavior.

= Test of OOF: Textured polycrystalline samples were
tested for elastic modulus dependence on texture.
The results were compared with predictions using
EBSD (Electron Backscatter Diffraction) and OOF
(Figure 1). The predictions, while promising, require
further study to understand differences between
measurements, calculations, and predictions.

= Residual stresses in standard forming cups were
measured and provided to the Forming Program
project on Formability Standards. In addition, analyses
were done to understand the origin of these stresses.

This project has targeted a need expressed by
numerous companies to extend OOF calculations into
the plastic range. It is also responsive to the metal
forming research needs of the auto industry, as well
as Boeing, ALCOA, and steel manufacturers with
whom NIST currently collaborates. Improvements in
predicting large plastic strain behavior under complex
loading conditions will have significant benefits on
product differentiation, time-to-market, and the cost
of forming dies for U.S. products.

Contributors and Collaborators

L. Levine, R. deWit (Metallurgy Division, NIST);
H. Prask, T. Gnédupel-Herold, V. Luzin (NIST Center
for Neutron Research); R. Polvani (Manufacturing
Metrology Division, NIST); D. Bowden (Boeing);
E. Chu (ALCOA); R. Reno (University of Maryland)
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Standard Tests and Data for Sheet Metal Formability

In order to meet the USCAR/Freedom Car goals
for fuel efficiency, the U.S. automotive industry
is moving to lighter, high-strength materials for
auto bodies. A NIST survey of industry has found
that providing designers with accurate material
properties, and a way to incorporate them into
finite element models of sheet metal forming dies,
is a critical need for the U.S. auto industry. This
project seeks to develop new standard tests and
metrology to accurately determine sheet metal
mechanical response under forming conditions.

Tim Foecke

n order for the U.S. automotive industry to be able

to transition to new materials for formed sheet metal
parts, they must be able to mechanically characterize
the starting materials under forming conditions,
and input this information into die design models.
In response to this need, we are developing sheet metal
formability tests, along with associated metrology,
that can be standardized and used by industry.

Springback is the elastic shape change to a part
associated with the residual stresses that develop
during the stamping process. This shape change
complicates assembly and accurate fit-up, and the
automotive industry wants to either avoid it or at
least be able to predict its magnitude and design dies
to account for it. The proposed test for springback
consists of splitting open a ring cut from the sidewall
of a deep drawn cup.

In 2003, we have concentrated on establishing the
robustness of the springback cup test to experimental
errors, in preparation for submission of the test to
ASTM, and measurement of residual stresses within
the cups using x-rays and neutrons. Errors in ring
location and geometry, as well as blank misplacement,
produced changes in the springback opening. It was
found that displacing the ring location vertically along
the sidewall of the cup produced the greatest effect
(10 % per mm of error), and that blank misalignment
greatly increased data scatter. The former is related
to the effect of changing thickness on the ring’s area
moment of inertia and the latter on thickness variations
around the ring. Standardization is planned via a
round-robin analysis coordinated through ASTM.

New this year is the installation of an x-ray stress
measuring system on the sheet metal formability
station (Figure 1) that will lead to a standard test
for measuring multiaxial flow surfaces. This new
instrumentation allows for direct, in situ measurement
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Figure 1: Equipment for measuring stress simultaneously
with forming operation.

of the stress in a given direction while the sample is
under biaxial load. Using a series of deformation steps
and the sample geometries previously developed to
produce multiaxial strain states, one can, for the first
time, directly measure the multiaxial flow surface of

a sheet metal. The facility is able to test both steel
and aluminum samples but can be upgraded to test
any metal.

Three other tasks using these new experimental
capabilities have been initiated. The firstis a
collaboration with GM and ALCOA on developing
stress-based forming limits, where the multiaxial
stress-strain surfaces measured will be used to verify
path independence of this formalism. The second
involves studying the percentage of retained austenite
transformation in TRIP automotive sheet steel as a
function of strain state and level, in collaboration with
U.S. Steel. Finally, stress-based hole expansion forming
limits will be examined by looking at the stress-strain
response of the material immediately adjacent to a hole
expanding in multiaxial tension. This last project is in
collaboration with GM.

Contributors and Collaborators

T. Gnéupel-Herold (NIST Center for Neutron
Research); M. Shi (USS); E. Chu (ALCOA);
C. Xia (Ford); T. Stoughton, M. Wenner, C.T. Wang
(GM); A. Andersson (Volvo); E. Schedin (Avestapolarit)
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Underlying Processes of Plastic Deformation in Metal Alloys

A substantial increase in the use of aluminum
alloys and high-strength steels in automobiles
would greatly increase fuel efficiency. The
primary reason why this has not yet occurred is
a lack of accurate deformation models for use
in designing the stamping dies. This project is
developing a physically based model of plastic
deformation using a combination of statistical
physics approaches and advanced measurement
techniques.

Lyle E. Levine

lastic deformation of metals (as in cold rolling,

stamping, drawing, and metal fatigue) is a topic
of great importance to industries worldwide, and
improvements in the basic technology would have a
significant effect on our economy. The design of new
metal products is often accomplished by computer
simulation of the production process using empirically
derived constitutive equations. Unfortunately, existing
constitutive equations cannot accurately predict the
material behavior, and many tryout and redesign steps
are required. Another related difficulty is in the design
of new alloys with improved formability characteristics.
Currently, alloy design is done empirically with little
understanding of how the various constituents affect
the mechanical properties.

To address both of these issues, this project is
focused on developing constitutive laws based upon
the underlying physical processes that produce the
observed mechanical behaviors in metal alloys. Such
constitutive laws are inherently multi-scale since they
must describe phenomena on length scales ranging
from the atomistic all the way to the macroscopic
stress-strain behavior of bulk material.

Since the underlying processes are extremely
complex, we have concentrated almost all of our
theory, modeling, and experimental efforts over the
past several years on single-crystal pure Al as a model
system. This work is reaching completion with the
development of the segment length distribution (SLD)
model, which describes how macroscopic deformation
arises from the statistical behavior of large numbers
of dislocations.

The project was in a state of transition this year.
With work on the SLD model nearing completion, the
focus is shifting into several new directions. The first
is a multi-institutional effort to obtain experimental
measurements to validate and provide inputs into the
new NIST models. Our partners include researchers at

Washington State University who are funded by DOE
for four years to conduct chemi- and photo-emission
studies of Al alloys deformed in sifu. These experiments
will measure the time-intensity behavior of individual
slip events that are predicted by NIST researchers. The
dislocation substructures of the samples will be studied
by researchers at Los Alamos National Laboratory.
NIST researchers are making the theoretical predictions
and designing an ultra-high-vacuum tensile stage. NIST
will also grow all of the single-crystal alloy samples.

A second new direction is incorporation of
atomistic-level processes into the SLD model, allowing
chemical effects to be addressed. A collaboration with
NIST’s Chemical Science and Technology Laboratory
is beginning, and a jointly funded postdoc joined us in
August 2003. This work should allow quantitative
predictions to be made of the effects of different
alloying elements on mechanical behavior during plastic
deformation.

The third new direction in progress is a
preliminary look at whether the SLD model can be
extended to bcc metals. This task involves growing
shaped, single-crystal samples of a bec MgLi alloy and
deforming them in tension. The resulting dislocation
structures will be studied using TEM, and the surface
slip structures will be imaged using a variety of
microscopic techniques.

Finally, we are working with researchers at
Oregon State University to answer long-standing
questions about the existence and magnitude of long-
range residual stresses that occur during deformation.
X-ray diffraction techniques are often used to measure
these stresses, but interpretation of the results is
subject to question. We are addressing this lack
through both synchrotron X-ray experiments and
computer simulations.

NIST researchers also co-organized two large
international symposia including one on multiscale
modeling at the MRS spring meeting in San Francisco
(April 21-25) and one on dislocations at Plasticity 2003
in Quebec City, July 7-11.

Contributors and Collaborators
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Atomization Processing — Recommended Practices

Powder Metallurgy (PM) is used to produce a
large number of metallic materials that benefit
from the enhanced homogeneity and reduced
machining afforded by this process. Higher
performance PM products and process economics
impose increasing demands on the control of
powder size during the gas atomization process.
The NIST Metallurgy Division atomization facility
has been a test-bed for providing the PM industry
with material property data and processing
procedures for improving yield of desirable
powder size distributions. This information is
being compiled into a comprehensive “Gas
Atomization Recommended Practice Guide.’

’

Stephen D. Ridder and Steven Mates

as Atomization is the primary source of

material for many advanced Powder Metal (PM)
processing procedures such as Powder Injection
Molding (PIM), Hot Isostatic Press (HIP) consolidation,
and Thermal Spray (TS) coatings. These processes
are used to produce surgical tools and appliances,
aircraft and power turbine engine parts, severe service
parts for the petrochemical industry, and increasing
numbers of critical automotive components. Powder
size, because of its affects on microstructure, powder
handling, and consolidation, controls the resulting
PM material properties.

The cost to produce these optimum powder size
distributions can become prohibitively expensive when
using traditional gas atomization techniques that require
screening of the powder product for usable powder and
recycling the waste. Research collaborators representing
the major gas atomization companies and national
laboratories have participated in various projects aimed
at sensor development, alloy chemistry, particle size
control, and powder characterization. Current contents
in a NIST Special Publication, “Gas Atomization
Recommended Practice Guide,” include:

= Sensors and control techniques to optimize the
Gas-to-Metal mass flow-rate Ratio (GMR);

= QGas jet geometry designs that reduce adverse
shock wave generation; and

= Advanced process control software that incorporates
atomization plume video frames and “knowledge
base” heuristics.

Additional research topics of interest to the PM
industry will be published in supplements to the NIST
Special Publication. A new topic under investigation
is the effect of “swirl,” a tangential velocity imposed
on the atomization gas flow, on atomizing behavior.
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Figure 1: Effect of swirl strength on axial gas velocity
distribution produced by an annular atomizer.

Swirl is sometimes imparted to the gas flow in an
attempt to enhance melt breakup in the near region.
However, swirl is known to speed turbulent diffusion,
a process that leads to rapid attenuation of the gas
velocity downstream of the near region. As a result,
secondary atomization is potentially hindered, resulting
in wider particle size distributions or unwanted coarse
particles. We are currently quantifying the effect of
swirl strength on the aerodynamic behavior (Figure 1)
and atomization performance of generic nozzles meant
to simulate current industrial practice.

In addition, a small-scale gas atomizer has been
assembled to atomize small heats (less than 500 g) for the
purposes of studying both bulk metallic glass formation
and particle size/processing parameter relationships.
The ultimate goal of the latter is to deduce more accurate
particle size prediction equations that can be used to boost
efficiency in industrial powder production operations.

Ongoing collaboration with industrial partners
continues to be an important component of liquid metal
atomization research at NIST and technology transfer
of the results of our previous atomization research.

“The research history of NIST, and background of
the scientists involved with our project at NIST, give the
company confidence that we will reach a best-possible
solution within the bounds which are dictated by the
real, practical limitations of our plant.”

John Askeland
Operations Manager, Ampal Corp.

Contributors and Collaborators

F.S. Biancaniello, P.A. Boyer, R.D. Jiggetts,
D. Wickner (Metallurgy Division, NIST);
John Askeland (AMPAL)
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High Speed Machining

The U.S. spends $200 billion annually on
machining of metal parts. The rapid development
of high-speed machines and tooling makes
traditional knowledge-based approaches to
improved efficiency ineffective: a recent survey
found that industry chooses the correct machining
tool less than half of the time. Modeling has been
promoted by industry as a method to realize improved
efficiency. Through this project, NIST will develop
measurement capabilities and deliver materials
data for use in machining simulation software.

Richard J. Fields and Carelyn E. Campbell

achining of metal parts to required dimensional

tolerances is an essential component of the
manufacturing process. Efficient processes can greatly
reduce the price of parts and enhance the competitive
position of the manufacturer. Industry now requires
that traditional, experience-based approaches to finding
optimal process parameters, such as feed rate, cutting
rate, tool material, tool shape, etc., be replaced by
modeling and simulation. Commercial simulation
codes exist to assist this optimization. However, the
codes require a realistic materials property database and
validation. NIST will publish data for use in these codes
by: (1) measurement of mechanical property data at
high strain and heating rates; and (2) characterization
and modeling of the deformation modes and
microstructure changes that occur during machining.
Residual stresses, responsible for part distortion after
machining, are being measured at the Center for
Neutron Research. Thermal imaging of machining is
being performed by the Optical Technology Division.
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Figure 1: Stress/strain behavior of AISI 1045 steel tested at
various temperatures and high strain rates.

The first task has developed a unique testing
facility for measuring mechanical behavior of alloys
under conditions close to those occurring in machining
operations; i.e., at strain rates up to 104 s~ with
concurrent heating to test temperatures at rates up
to 5 x 10° K/s. Complete stress/strain data can be
recorded with better than microsecond resolution.
The temperature is known with similar temporal
resolution. This facility has been used this year to
develop a database and test various constitutive laws
for AISI 1045 steel, an important alloy for machining.
In Figure 1, the behavior of this steel at various high
strain rates and temperatures is shown. Samples of
7075-T61 aluminum alloy are also being prepared for
mechanical testing with this instrument.

Figure 2: Optical (left) and TEM (right) images of 7075 chips
with localized deformation and recrystallization.

The second task focuses on microstructure changes
during machining. Initial work examined severely heated
and deformed chip material. Transmission electron
microscopy reveals that only slight coarsening of the
precipitate structure occurs, but significant changes
in grain size are evident. Figure 2 shows that shear
bands seen in optical micrographs contain dynamically
recrystallized grains. Similar characterization is being
performed on the work piece. A microstructural model
based on the microstructural characterization and the
expected temperature and strain rate histories during
machining is being developed.

Contributors and Collaborators

D. Basak, W.J. Boettinger, L. Bendersky,

L.E. Levine (Metallurgy Division, NIST); R. Rhorer,

R. Polvani, K. Jurrens, M. Kennedy, R. Ivester, and

H. Soons (Manufacturing Metrology Division, NIST);
B. Dutterer (Fabrication Technology Division, NIST);
T. Burns (Mathematical and Computational Sciences
Division, NIST); H. Yoon (Optical Technology Division,
NIST); M. Davies (North Carolina State University)
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Phase Field Modeling of the Electrochemical Interface

Phase field modeling techniques developed in

the last decade have added considerably to the
understanding of solidification microstructures
such as dendrites, grains, and eutectics. NIST
Metallurgists have taken, and continue to take,

a leading role in these developments. This project
seeks to extend NIST's “phase field toolkit” to
encompass electrochemical processes.

Jonathan E. Guyer

A manufacturing industries increase their reliance
on microstructure-dependent properties, control
over microstructure becomes critical to product
performance. Process modeling has become an
important input to design of many manufacturing
processes. As an example, the microelectronics
industry uses electrochemistry to form the intricate
array of interconnects in advanced microprocessors.
Traditional electrochemical models make a number of
assumptions that break down at these length scales,
particularly when voids can form or disappear.

Many of the same morphological features are found
in both solidification and in electrodeposition. The phase
field technique has had considerable success in modeling
these features during solidification. (For a brief description
of the method and initial application to electrochemical
interfaces, see Technical Highlights.) We are able to
model both the equilibrium and kinetic behavior seen in
electrochemical experiments and in earlier models while
making a minimal set of assumptions. Despite these
successes, the electrochemical problem is a particularly
challenging application of the phase field method, and
there are a number of barriers to overcome before we
can model macroscopic 2D systems.

A trivial phase field model of a solid-liquid interface
can be constructed with just one variable: the phase
field itself. To apply the method to an electrochemical
interface, we must also consider the electrostatic
potential and a minimum of three independent charged
species: electrons, cations, and anions. Instead of one
governing equation, the minimal electrochemical model
is thus governed by five, each of which is coupled to all
of the others. The simplest electrochemical phase field
model is intrinsically more difficult to solve than even
some fairly complicated solidification phase field models.

Quantitative results are obtained from a mathematical
model by rendering the equations on a discrete mesh of
points or elements. Typical phase field models require five
to ten mesh points to adequately resolve the interface
between phases. Because of the short range of electrostatic
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Figure 1: Calculated charge distribution in the electrochemical
“double layer” for different interface potentials. The tick marks
above illustrate the uniform and adaptive computational meshes
required to obtain accurate numeric solutions. The gray band
shows the location of the diffuse phase field interface.

interactions, we need an order of magnitude more
mesh points to resolve the charge distribution in the
electrochemical interface, as illustrated in Figure 1.

An adaptive meshing technique was also applied.
In this approach, mesh points are concentrated at the
interface as needed, resulting in considerably faster
computations from a good initial guess (calculations
take a few minutes instead of a few days). Unfortunately,
the algorithm does not converge at all from a poor guess,
whereas the simpler uniform mesh code can eventually
obtain a solution from almost any initial condition.
The two approaches were applied in concert to obtain
the results described in our earlier Technical Highlight.

In the algorithm we have applied so far, chosen
for its simplicity of implementation, computation time
is proportional to the square of the number of points.
Considering that our present 1D calculations of a
I nm section through the interface can take upwards
of three days on a fast computer, a naive approach
to 2D calculations of the same domain could take
10,000 years. Macroscopic features such as dendrites
would take many orders of magnitude longer to
model. Faster computers can mitigate some of this
computation time, but practical solutions will require
more efficient numerical algorithms.

In the next year, we will focus on more sophisticated
algorithms that minimize the cost of adding mesh points.
In parallel, we will reduce the total number of mesh points
through adaptive meshing techniques. Although the
particular adaptive technique used in our 1D solutions
cannot be scaled to 2D, the general approach should
significantly reduce computation times.

Contributors and Collaborators

W. Boettinger, J. Warren (Metallurgy Division,
NIST); G. McFadden (Mathematical and Computational
Sciences Division, NIST)
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Processing of Amorphous Metals

Recently developed metal alloy chemistries

that solidify amorphously in cross sections
approaching several centimeters are the focus
of increasing interest in the production of large,
meter-scale components by powder consolidation
for use in a variety of challenging military,
aerospace, and industrial applications.

The Metallurgy Division is combining rapid
solidification processing and instrumented
powder consolidation to study the production
and densification of several classes of these
new amorphous alloys.

Frank Biancaniello and Rodney Jiggetts

Recently developed bulk amorphous metal (BAM)
alloys have been shown to exhibit plastic behavior
in the absence of dislocations, resulting in materials
with high-yield strength, high modulus, and high
hardness. These include low density aluminum-based
amorphous materials identified by Boeing that may
replace titanium in jet engines and high density
hafnium-based alloys being developed by the Army.

The Army’s interest in high-density BAM alloys is a
result of their need for a new armor piercing projectile
material to replace the current Depleted Uranium (DU)
technology. Although DU is a very effective projectile
material, the resulting radioactive and otherwise toxic
debris is difficult to remove from the environment. The
desirable DU properties include the high mass density
(19070 kg/m3) and the adiabatic shear localization
(ASL) that occurs when rapidly loaded. High density
provides a benefit in energy and momentum transfer,
and ASL leads to a “self sharpening” of the projectile as
it penetrates armor plate rather than the less desirable
plastic deformation and “mushrooming” of the projectile
tip (thus degrading penetration depth). The Army has
tested several alternative materials, and, to date, the
best have been composites of tungsten powder within
metallic matrices. The 19,300 kg/m3 density of W
is close to DU and the ideal metallic matrix will have
properties such that the resulting composite fails with
ASL or ASL-like behavior. Recent work has shown that
BAM alloys have promise in providing the necessary
ASL-like behavior.

The need for large-size BAM components (> 10 cm
cross section) and suitable materials for the projectile
composites has resulted in an interest to produce BAM
alloy particles for subsequent consolidation. Atomization
of a pre-alloyed melt will produce fully amorphous
solidification in powder particles <100 um in diameter.
In addition, thermodynamic assessments of candidate

alloys will be used to study a range of amorphous
materials with the necessary mechanical properties.
Figure 1 shows the small-scale gas atomizer that was
built to study the composition-dependent solidification
behavior of BAM alloys using small batch (250 g)
processing to reduce material costs. Large-scale batch
processing of candidate compositions for consolidation
studies is then accomplished using the NIST 22 kg melt
capacity, gas-metal atomizer.

Figure 1: Small scale Laval atomizer for production of 250 g
lots of metal powder:

In order to take full advantage of the benefits
afforded by BAM alloys, powders must be consolidated
without inducing large-scale re-crystallization.

To understand the densification behavior of these
materials, a project was initiated to study the kinetics
of consolidation by pressure and heat below the
crystallization temperature. A hot isostatic press (HIP)
has been instrumented with a sensor developed at NIST
to follow densification. A warm isostatic press that
uses a liquid ester working fluid that can be pressurized
to 400 MPa (twice the pressure of the HIP) is also
being instrumented with a density sensor. These two
units provide quantitative, real-time monitoring of the
progress of densification.

Contributors and Collaborators

R.J. Fields, S.P. Mates, T. Pierce, S.D. Ridder
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(DARPA); L. Kecskes (U.S. Army)
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Program Overview

Combinatorial Methods

The Combinatorial Methods Program develops
novel high-throughput measurement techniques and
combinatorial experimental strategies specifically
geared towards materials research. These tools
enable the industrial and research communities to
rapidly acquire and analyze physical and chemical data,
thereby accelerating the pace of materials discovery
and knowledge generation. By providing measurement
infrastructure, standards, and protocols, and by
expanding existing capabilities relevant to combinatorial
approaches, the Combinatorial Methods Program
lowers barriers to the widespread industrial
implementation of this new R&D paradigm.

The Combinatorial Methods Program has adopted a
two-pronged strategy for accelerating the development
and implementation of combinatorial approaches:
an active intramural R&D program and an ambitious
outreach activity. The intramural R&D program is
designed to better tailor combinatorial methods for the
materials sciences and extend the state-of-the-art in
combinatorial techniques. Measurement tools and
techniques are developed to prepare and characterize
combinatorial materials libraries, often by utilizing
miniaturization, parallel experimentation, and a high
degree of automation. A key concern in this effort is
the validation of these new approaches with respect
to traditional “one at a time” experimental strategies.
Accordingly, demonstrations of the applicability of
combinatorial methods to materials research problems
provide the scientific credibility needed to engender
wider acceptance of these techniques in the industrial
and academic sectors. The successful adoption of the
combinatorial approach also requires a highly developed
“workflow” scheme. All aspects of combinatorial
research, from sample “library” design and library
preparation to high-throughput assay and analysis,
must be integrated through an informatics framework,
which enables iterative refinement of measurements and
experimental aims. Combinatorial Methods Program
research projects give illustrations of how combinatorial
methodology is implemented effectively in a research
setting.

NIST-wide research collaborations, facilitated by
the Combinatorial Methods Program, have produced
a wide range of new proficiencies in combinatorial
techniques, which are detailed in a brochure,
“Combinatorial Methods at NIST” (NISTIR 6730),
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and online at www.nist.gov/combi. Within the
Materials Science and Engineering Laboratory (MSEL),
novel methods for combinatorial library preparation are
designed to encompass variations of diverse physical
and chemical properties, such as composition, film
thickness, processing temperature, surface energy,
chemical functionality, UV-exposure, and topographic
patterning of organic and inorganic materials ranging
from polymers to nanocomposites to ceramics to
metals. New instrumentation and techniques have
been developed that enable the high-throughput
measurements of adhesion, mechanical properties,
failure mechanisms, film thicknesses, and refractive
index, among others. The combinatorial effort
extends to multiphase, electronic, optoelectronic,

and magnetic materials, including biomaterials

assays. On-line data analysis tools, process control
methodology, and data archival methods are also

being developed as part of the Program’s

informatics effort.

The extensive outreach activity in the Combinatorial
Methods Program is designed to facilitate technology
transfer with institutions interested in acquiring
combinatorial capabilities. The centerpiece of this effort
is the NIST Combinatorial Methods Center (NCMC),
an industry—university—government consortium organized
by MSEL that became operational on January 23, 2002
via a kick-off meeting in San Diego. The recognized
importance of NCMC activities is readily apparent, as
15 industrial partners, the Air Force Research Lab, and
the University of Southern Mississippi are participating
in the NCMC membership program. The membership
continues to grow and 80% of the members from last
fiscal year have already renewed for this fiscal year.
The NCMC facilitates direct interaction between NIST
staff and these industrial partners, and it provides a
conduit by which Combinatorial Methods Program
research products, best practices and protocols,
instrument schematics and specifications, and other
combinatorial-related information can be effectively
disseminated. This outreach is mediated in large
part by a series of semi-annual workshops for
NCMC members. Indeed, since its inception,
four NCMC workshops have been held at NIST.
Further information on the NCMC can be found
on the website at www.nist.gov/combi.

Contact: Leonid A. Bendersky
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Combinatorial Methods for Thin Films

In the search for new functional materials for
use in modern microelectronics, various thin

film oxides are under consideration. With the
ability to locally measure properties of the films,
combinatorial approaches using miniature thin
film assays of varying compositions can be

of significant impact to optimize the search.

The combinatorial methodology is still in its

early stages of development, and, therefore,
understanding the fundamentals of synthesis of the
combinatorial assays, as well as the relationships
between crystal chemistry and physical properties
of the assays, is of great importance.

Leonid A. Bendersky

he effectiveness of the combinatorial approach in

the development of thin film electronic materials has
been clearly demonstrated. In order to rapidly survey a
large compositional landscape, assays with continuously
changing compositions are synthesized, processed,
and screened in a single experiment. Dielectric,
magnetic, and other properties can be measured
within compositional spreads using recently developed
instruments with high spatial resolution, such as the
microwave microscope and microSQUID. In early
combinatorial materials research, the local microstructure
and phase composition were largely unprobed. Through
our ongoing collaboration with Professor Ichiro Takeuchi
from the University of Maryland, we have demonstrated
the value of using transmission electron microscopy
(TEM) for understanding the deposition process and
the correlations between physical properties and
local microstructure.

In 2003, our primary focus was on using
combinatorial research to demonstrate tunable bandgaps
by doping a semiconductor ZnO (bandgap: 3.3 eV,
hexagonal structure) with MgO (bandgap: 7.8 eV,
cubic structure). Potential applications are for optical
devices, including UV lasers, as well as transparent
conducting layers for solar cells and phosphors.

The Zn;_,Mg,O thin film assays are prepared using
pulsed laser deposition (PLD) with synchronized
shutters. Multiple targets were alternatively ablated
for atomic layer-by-layer deposition onto substrates
with matching lattices, producing epitaxial films
compositionally uniform in the growth direction and
with one-